ABSTRACT. Three kinds of dust materials, Hy ash (MMAD : 6.28 pm), limestone (MMAD : 2.53 pm) and SAE fine dnst (MMAD : 3.88 pm), have been used to test the dust cake compaction and its influence on the specific dust cake resistance coefficient at filtration velocity ranging from 1 to 9 cmlsec. An accurate laser dispacement system was used to determine dust cake thickness and the amount of dust cake compaction during filtration. In the range of filtration velocity tested, dnst cake compaction has been found to occur. Higher filtration velocity results in larger amount of irreversible dust cake compaction and lesser amount of elastic dnst cake compaction. The experimental specific dnst cake resistance coefficient, K,, has also been found to increase with an increasing filtration velocity. For the three dusts tested, K, relates to filtration velocity V, as K2 .x V,", where n is 0.52, 0.38 and 0.43, for Hy ash, limestone and SAE fine dust respectively. The theoretical K, values predicted by the Rudnick-Happel equation has been shown to agree better with the experimental K2 values than those by the Kozeny-Carman equation. The maximum difference between the K, values predicted by the Rudnick-Happel equation and the experimental values is less than about 16%.
Factors Influencing Pressure Drop through a Dust Cake during Filtration
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INTRODUCTION
Filtration velocity, V,, has been found to affect the magnitude of specific dust cake resistance coefficient, K,, (Spaite and Walsh, 1963; Borgwardt and Durham, 1967; Dennis and Durham, 1979; Dennis and Dirgo, 1981) . Most previous researchers have reported that the relationship between K, and V, is K, = fV;, where f and n are constants.
The constant n is always positive, indicating that higher filtration velocity always results in greater K,. A wide range of n exists in the literature. Experimental data of Spaite and Walsh (1963) show that n is about 0.5 for -'Corresponding author.
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both mica and fly ash, despite that particle shape between mica (roughly plate-like) and fly ash (roughly spherical) is quite different.
Other experimental data have shown that n is 0.75 for fly ash (Borgwardt and Durham, 1967) ; 0.19 for submicron Arizona road dust First, 1978a and 1978b) ; 0.5 for coal fly ash (Dennis et al., 1979; Dennis and Dirgo, 1981) . These results show that dust cake will be compacted to a greater extent when subjected to a higher fluid drag force leading to smaller dust cake porosity and greater K, at higher filtration velocity, (VanOsdell et al., 1984; Klemm et al., 1980) . First (1978a, 1978b) mainly to increasing pressure drop as dust cake thickened. But, the amount of compaction of the dust cake with respect to filtration velocity and its influence on the K, value remained to be determined. In particular, an accurate system to measure the amount of compaction of the dust cake has yet to be developed. The theoretical method to estimate the K, value is based upon filtration theory. The Kozeny-Carman equation has been used widely to calculate the pressure drop across dust cake deposited on a filtration medium. This semiempirical equation also may be used to predict K, value based on dust cake porosity and an empirical constant. First (1978a, 1978b) provided an equation that derived from the Happel's cell model (1958) to predict K, without an cmpirical constant. K2 values predicted by the classical Kozeny-Carman equation and by the Rudnick-Happel equation agree to within 220 % over the dust cake porosity ranging from 0.3 to 0.7. When the dust cake porosity is greater than 0.7, the RudnickHappel equation always predicts higher K, values than those computed by the KozenyCarman equation. Dennis and Dirgo (1981) measured K, values of several fly ashes at the laboratory and compared them with the prcdieted values by the Rudnick-Happel equation. The predicted values were found to be three times greater than the measured values.
Most previous theories are unable to predict K, values accurately, becausc errors may occur when measuring pararnetcrs such as dust cake porosity or particle sizc distribution (Dennis et al., 1979; Dennis and Dirgo, 1981) . To account for thc polydispersity of the particulate material, volume-surface mean diameter (also called Sautcr diameter) was usually used to rcpresent the particle size of the lognormally distributed dust for calculating specific dust cake resistance coefficient. Gupta et al. (1993) used the Rudnick-Happel equation to predicted K, values. The results were shown to be in good agreement with the experimental data for nonhygroscopic aluminum oxide for the dust cake porosity ranging from 0.84 to 0.95. However, for the hygroscopic sodium chloride, the agreement was shown to be poor due to large variation in the dust cake porosity measurement.
The previous review points out there are substantial differences between experimental data as well as theoretical predictions in the property and specific rcsistance coefficient of the dust cake. The incapability of measuring porosity and compressibility of the dust cake accurately under different filtration conditions seems to be one of the major factors that leads to these discrepancies. There is a critical need to measure the porosity and compressibility of the dust cake accurately using different dust materials at different filtration velocities. Current theoretical models for K, should be reexamined using reliable experimental data under wellcontrolled conditions.
In this study, laboratory measurement was conducted to obtain K, values for three kinds of dust cakes: fly ash, limestone, and SAE fine dust, at different filtration velocities. After the dust cake was formed, an accurate laser displacement system was used to measure the thickness of dust cake and to obtain its porosity. Then the experimental K, values were compared with theoretical predictions at filtration velocity ranging from 1 to 9 cmlsec.
FUNDAMENTAL THEORY OF K2
When there is a significant particle mass loaded on a filter, total pressure drop across the filter can be expressed as the sum of the pressure drop across the clean filter medium, AP, , and that across the dust cake, Ap, as follows AP = APf + AP,.
( I From Darcy's law, AP, can be written as the filtration velocity times the filter resistance constant K, as
where K, depends upon the physical characteristics of the filter medium such as the Downloaded by [National Chiao Tung University ] at 04:19 28 April 2014 filter pore size, filter material and filter thickness.
The pressure drop across the dust cake can be derived from the drag force across all individual particles. It also can be described by Darcy's law as a function of the specific dust cake resistance coefficient, K2, the dust mass deposited, M, the filtration velocity, V,, and the filtration area, A, as where W is the mass areal density of the dust cake and S is the filter drag. If the drag force FD exerted on each particle by the airflow is governed by the Stokes law, the above equation can be expressed as where N is the total particle number in the dust cake, p is the gas viscosity, D, is the particle size, and C is the Cunningham slip correction factor.
If particles are monodisperse and isolated, then Eq. (4) can be written as where K2,, is the theoretical specific dust cake resistance coefficient for separate, isolated and monodisperse spherical particles.
To account for the fact that particles are in contact with each other, and are polydisperse, different researchers have developed methods to calculate the specific dust cake resistance coefficient such as the KozenyCarman equation or the Rudnick-Happel equation (Happel, 1958; First, 1978a, 1978b; Gupta et al., 1993) .
Kozeny and Carman derived a semiempirical equation that represents the dust cake as a series of parallel capillaries or channels whose total volume equals the void volume of the cake and whose surface area equals the surface area of the particles constituting the cake. The specific dust cake resistance coefficient is defined as a function of the dust cake porosity E as where the empirical constant k is equal to 4.8 for spherical particles and 5.0 for irregular particles, the Dvs is the volume-surface mean diameter (or Sauter diameter). First (1978a, 1978b) dcscribed an equation for specific dust cake resistance coefficient that derived from the Happel's cell model (1 958) to predict pressure drop across a dust cake without an empirical constant. The Happel's cell model treats the dust cake as an assemblage of individual particles, each cell containing a particle surrounded by an imaginary concentric spherical shell. The porosity of the dust cake is cqual to the ratio of the volume between the spherical shell and the particle to that of the spherical shell. The specific dust cake resistance coefficient based on the Happel's cell model and reformulated by Gupta et al. (1993) can be expressed as
In this model, D,, is the geometric mean particle size distribution. The dust cake podiameter for polydisperse dusts, and slip corrosity is often difficult to estimate theoretirection factor, C, is calculated based on D,, cally or experimentally due to the complexity (Gupta et al., 1993) .
of cake structure. This study improves the However, these equations require a experimental method to measure the dust knowledge of the dust cake porosity and cake porosity, the particle size distribution and the specific dust cake resistance coefficient under well-controlled conditions. The experimental K, values then will be compared with theoretical predictions by different models, Eqs. (6) and (7).
EXPERIMENTAL METHOD An experimental system shown in Fig. 1 was designed to measure the pressure drop as a function of sampling time or mass areal loading (mass per unit area of filter, MIA). Three test dusts, fly ash (obtained from the Wsin-Da coal-fired power plant, Taiwan), limestone (Lih Hsiang Industrial Co., Japan), and SAE fine dust (Power Technology Inc., Burnsville, MN, USA) were used in this study. A Wright dust feeder (WDF-TI, BGI Inc., Waltham, MA, USA) was used to generate the test dust, which was introduced into a dust chamber. The dust chamber is 35 cm in diameter and 50 cm in height. The dust chamber has two sampling tubes which arc 45 cm long. The inner diameter of the sampling tube is 1.05 cm. One sampling tube was connected to a Marple personal cascade impactor (Model 225-50-001, SKC Inc., Eighty Four, PA, USA) to measure the particle size distribution of the test dust, while another one was connected to the filtration system using a 90° elbow. The cutoff aerodynamic diameters of the Marple cascade impactor are 21.3, 14.8, 9.8, 6.0, 3.5, 1.55, 0.93, and 0.52 mm respectively for each stage at the sampling flow rate of 2.0 Llmin. In this study, particles were found to deposit on the filter uniformly which allowed the thickness of the dust cake to be measured accurately.
The filtration system includes a filter holder, a digital manometer, a mass flowmeter, and an IBM PC. The diameter of the filter collection area was designed to be 3. cm. A straight tube that is 8 cm long and 3.5 cm in diameter was connected carefully before the filter holder to keep the air velocity and deposited particles uniform on the filter surface. The pressure drop across the filter holder was measured using a digital differential pressure gauge, and the signal of the pressure drop was recorded with an IBM PC continuously. The constant filtration velocity through thc filter was controlled by a mass flowmeter. Filtration velocities used in this study were 1.0,3.0,6.0, and 9.0 cmlsec, which corresponded to sampling flow rates of 0.58, 1.73, 3.46, and 5.20 Llmin.
The dust concentration in the chamber was controlled by the rotational speed of the dust feeder and the flow rate of the compressed air. In this study, the revolution speed of the Wright dust feeder was kept at 0.8 RPM, and the inlet pressure of compressed air was controlled at 6 psig. At these operating conditions, the mass conccntration was about 1.36 -1.96 g/m3 for fly ash, 2.83 -3.40 g/m"or limestone, and 2.78 -3.72 g/m3 for SAE fine dust respectively. Test particles generated by the dust feeder might carry electrostatic charge. However, the effect of electrostatic charge on dust cake properties was not studied.
The particle size distribution of the dust was measured twice with the cascade impactor at each run. The impactor sampling time took about 15 to 20 sec to avoid overloading of the cascade impactor stages. The particle loss in the sampling tubc and the filtration system was taken into account by considering diffusion, impaction, sedimentation and turbulent deposition mechanisms (Liu et al., 1985) .
To investigate dust cake porosity, a measurement system shown in Fig. 2 was designed. A laser displacement sensor (Model LB-72lLB-12, Keyencc Corp., Takatsuki, Osaka, Japan) was used to measure the distance between the laser sensor and the filter surface or dust cake surface. The sensor was mounted on a support that was fixed on a laboratory desk. The resolution of this laser displacement sensor is 2 mm. Before dust sampling, the blank filter was weighted for its blank weight M,. Then, this filter was installed into thc filter holder, supported by a stainless screen, and mounted on a removable platform. The distance between the sensor and the clean filter surface was determined while clean air was flowing through the filter at a designated filtration velocity to minimize measurement errors distance, L,, was calculated as the average of measurements at 18 points evenly distributed on the filter. It was noted that the filter support must be firm enough to avoid deformation when the air was drawn through the filter. After measuring the baseline distance, the filter holder was removed from the platform and was assembled in the filtration system. It was found that the coefficient of variation of thickness measurement was about 396, indicating the reliability of current experimental method. T h e~p -t curve then was obtained bv sampling test dust through the filter at a cdnstant filtration velocity. Total filtration time was recorded after an uniformed dust cake was formed. Typically, a uniform dust layer was formed on the filter when the mass areal density was greater than 0.02 &m2 for limestone and SAE fine dust, and 0.04 g/cm2 for fly ash. After sampling, the filter holder was disassembled from the filtration system without turning off the sampling pump. The dust cake otherwise would fracture when the pump was turned off. The filter holder with dust loaded filter was reinstalled on the platform to measure the distance, L,, between the sensor and the dust cake surface. Again, L, was the avcragc of 18 measurements on the dust cake surface. To study dust cake compaction by filtering air, changes of the pressure drop and the cake thickness were recorded while the cake was subjected to dust-free air at a certain face velocity, which was lower or higher than the filtration velocity used to form the dust cake.
After measuring the thickness of the dust cake L, which was calculated as L = L,-L,, the dust loaded filter was disassembled from the filter holder and weighted again to obtain the weight of dust loaded filter, M,. The total mass areal density on the filter, W , , was calculated as W = (M, -M,)IA. The dust cake porosity was then determined as The particle densities of fly ash, limestone, and SAE fine dust are 2.06 g/cm3, 2.70 g/cm3
, and 2.65 g/cm3 respectively, as obtained from the manufacturers or suppliers.
After the experiment, the AP-t data was transformed into the S-W data. The experimental K, value was determined as the slope of the linear portion of the S-W curve by linear regression. The linear portion of the S-W curve corresponds to the condition when an uniform dust cake is formed.
RESULTS AND DISCUSSION
Measured data of particle mass median aerodynamic diameter (MMAD), geometric standard deviation (IT,) , dust cake porosity (E), and specific dust cake resistance coefficient (K,), for fly ash, limestone, and SAE fine dust at different filtration velocities are shown in Table 1 . Each data is the average of four to five test runs. In the dust chamber, the temperature was kept at 26 +-1°C, and the relative humidity was below 10%. The MMAD and a , for the test dusts loaded on the filter were measured and corrected for particle loss in the transport tubes of the cascade impactor and filtration system. Figs. 3a-3c show the typical particle size distribution for fly ash, limestone and SAE fine dust, respectively, at the filtration velocity of 9 crnlsec. Solid curves in the figures were obtained by fitting the data using DISFIT program distributed by TSI Inc. (St. Paul, MN, USA). The MMAD of the loaded dusts on the filter was found to be smaller than that in the test chamber mainly due to particle loss in the transport tube of thc filtration line. It was found that loss due to large particle sedimentation in the horizontal tube of the filtration system was severe when the filtration velocity was low. This led to a smaller MMAD for smaller filtration velocity as shown in Table 1 . Average MMAD for different filtration velocities for fly ash, limestone, and SAE fine dust is 6.28, 2.53, and 3.88 mm respectively. The S-W curve can be divided into two regions: initial cake developing region and uniform cake region. In the initial region, the filter drag increases as particles are captured on the filter. The increase of filter drag is dependent on the initial filtration mechanisms, filter material, and particle characteristics. When a uniform dust cake forms on the filter, the filter drag increases linearly with mass areal density.
An example of the S-W curve is shown in Fig. 4 for fly ash, limestone, and SAE fine dust when the filtration velocity equals to 3 cmlsec. It can been seen that the S-W curve for fly ash has a clear initial region, but the region is not very obvious for limestone and SAE fine dust. This is because when the pore diameter of the filter is small relative to particles size, the pores can be filled up faster at a given mass areal density (Gupta et al., 1993; Novick et al., 1992; Japuntich ct al., 1994) . In Table 1 , it can be seen that the K, increases as particle size decreases. At the same filtration velocity, limestone has the highest K, since it is the smallest in size among the three dust materials. Also Table  1 shows that for the three test dusts tested, higher filtration velocity results in a smaller porosity but higher K, value. Figure 5 shows the relationship between the filtration velocity and the dust cake porosity of fly ash, limestone, and SAE fine dust. It is seen that the dust cake porosity decrease with an increasing filtration velocity for all three test dusts. At higher filtration velocity, larger fraction of particles will be compressed deeper into the cake when fluid drag force overcomes particle adhesion limestone, and SAE fine dust particle have larger dust cake porosity than spherical fly ash particles. The possible reason could be due to the more random arrangement of irregular particles in the dust cake than the spherical particles. This confirms that the dust cake porosity also depends on the shape of the particle. Two empirical equations to express the relationship between the filtration velocity and the dust cake porosity are developed as E = 1 -0.178 q.445, R' = 0.99, for fly Ash (9a) = 0.98, for Limestone and SAE (9b) where the unit of V, is cmlsec. These two empirical equations are suitable for filtration velocity ranging from 1 to 9 cmlsec. When determining the theoretical K2 values, knowledge of the dust cake porosity and its dependence on filtration velocity, such as Eqs. (9a) and (9b), is very important.
The compaction characteristics of the dust cake was examined further by measuring the pressure drop across an uniform dust cake when it is subject to clean air at face velocities different from the filtration velocity used to form the dust cake. The results are shown in Figs. 6a -6c for fly ash, limestone, and SAE fine dust respectively. In Fig. 6a , the dust cake was formed at filtration velocity of 3 cm/sec, where the pressure drop shown at point A in the figure is 2.6 X lo4 dyne/cm2. As the clean air is drawn through the cake at a face velocity smaller than 3 cmlsec, it is seen that the pressure drop decreases linearly with decreasing face velocity as shown by the dashed line AA'. This indicates the dust cake may expand elastically from that formed at higher filtration velocity. By increasing the face velocity from 1 cmlsec at point A' to 3 cm/sec at point A does not change the characteristic of the dust cake so that the pressure drop increases along the same dashed line A'A. This further confirms that the dust cake compaction is Downloaded by [National Chiao Tung University ] elastic as long as the clean air face velocity is below the cake-forming filtration velocity.
However, if the clean air face velocity increases from 3 cmlsec (point A) to 6 cmlsec (point B), then the porosity of the dust cake becomes smaller as witnessed by a greater slope of line AB compared to that of line A'A. This observation is consistent with Fig.  5 that shows a similar trend that higher filtration velocity yields a less porous dust cake. Continuing the experiment by decreasing the clean air face velocity from 6 cmlsec (point B) to 1 cmlscc (point B') along BB', it is seen that the pressure drop decreases linearly with decreasing velocity. However, the slope of line BB' is greater than that of line AA', indicating that a portion of the dust cake may have been compacted irreversibly as face velocity increases from point A to B. Again, increasing the face velocity from B' to B does not change the slope of the pressure drop line. This also indicates the recovery of the portion of the dust cake that is under elastic compaction. At even high face velocity, 12 cmlsec, similar compressibility characteristics can be observed in Fig. 6a . For limestone and SAE fine dust, similar behavior of dust cake compaction also appears as in Fig. 6b and 6c respectively.
It is important to have a proper K, model that predicts pressure drop accurately to facilitate the design of a baghouse. The porosity of the dust cake shown in Fig. 5 taking into account of the effect of filtration velocity was used to calculate the theoretical K2 values by Eq. (7) , and Kozeny-Carman equation, Eq. (6). In Eq. (6), the Sauter diameter D,, was calculated as (Hinds, 1982) and Kozeny-Carman equation (filled symbols). Herein, it can be seen that the prediction of K, values by Rudnick-Happel equation is more accurate than the KozenyCarman equation. Excluding the data points for Ay ash at the filtration velocity of 9 cm/ sec, the Rudnick-Happel equation overcstimates the experimental K, values by no more than 16% for the three tested dusts, which is much better than the Kozeny-Carman equation that underestimates the experimental K, by as much as 35%. Much grcater overestimation of about 120% occurs for the Rudnick-Happel equation when the dust cake porosity is smaller than 0.6 for fly ash at the filtration velocity of 9 cmlsec. The exact reason why the Rudnick-Happel equation is unable to predict K, values at this high filtration velocity accurately is unknown. It is speculated that nonuniform po- rosity distribution across the thickness of the cake may have occurred for the cake that is formed at high filtration velocity. The relationship between the filtration velocity and the specific dust cake resistance coefficient, K,, for fly ash, limcstone, and SAE fine dust are shown in Fig. 8 . According to the experimental data, the relationship between the filtration velocity and the specific dust cake resistance coefficient, K,, for fly ash, limestone, and SAE fine dust can be expressed as where the unit of V, is cm/sec and that of K, is scc-l. In this study, n for fly ash is found to 0.52, which is close to the values of Spaite and Walsh (1963) and Dennis and Dirgo (1981) .
These three empirical equations are suitable for the filtration velocity ranging from 1 to 9 cmlsec and MMAD from 5 pm to 7 pm for fly ash, 2 pm to 3 pm for limestone, and 3 pm to 5 pm for SAE finc dust. From these equations, it can be seen that for fly ash, an increasing filtration velocity leads to more increase in I(, than both limestone and SAE fine dust as is evident from the values of the exponent n. This is maybe due to the fact that spherical fly ash particles are more amenable to compaction than irregular limcstone and SAE finc dust particles at a given filtration velocity. Such speculation can also be seen from Fig. 5 where it shows the change of the porosity with increasing filtration velocity for fly ash is more drastic than that of limestone and SAE fine dust.
CONCLUSIONS
This study has investigated the dust cake porosity, specific dust cake resistance coefficient, and compressibility of dust cake for Ay ash, limestone, and SAE fine dust. Laboratory experimental system has been set up to facilitate accurate measurement of the dust cake porosity. It has been found that K2 increases as particle size decreases, or when the filtration velocity increases. At the same filtration velocity, limestone has the highest K? since it is the smallest in size among the three dust materials.
From the experimental results, the dust cake is seen to be irreversibly compressed during filtration. The fraction of the dust cake undergoes irreversible compaction is seen to increase with increasing filtration velocity. At higher filtration velocity, the dust cake is compacted more resulting in a smaller dust cake porosity and a larger K, value.
Despite their smaller sizes, irregular limestone and SAE fine dust particles have larger dust cake porosity than spherical fly ash particles. The possible reason could be due to the more random arrangement of irregular particles in the dust cake than the spherical particles.
In this study, the prediction of K, values by Rudnick-Happel equation is more accurate than the Kozeny-Carman equation. The Rudnick-Happel equation overestimates the experimental K2 by no more than 16% for the three dusts tested.
